2ϩ
-dependent pathways p21 ras (Ras) is a small guanine nucleotide-binding proto Ras have been described; however, the functional tein that functions in signal transduction cascades that independence of the pathways is unclear, since crossmediate cellular growth and differentiation. Ras is highly talk between different pathways probably occurs (Figure expressed in the developing and adult nervous systems 1). One Ca 2ϩ -dependent pathway to Ras involves the and plays an important role mediating growth factor tyrosine kinase PYK2 (Lev et al., 1995) . Attempts to idenresponses. Nearly 2 years ago, it was shown that volttify a function for PYK2 revealed that increases in cytoage-gated Ca 2ϩ influx can also activate Ras. Since plasmic Ca 2ϩ increased PYK2 tyrosine phosphorylation growth factor and Ca 2ϩ signaling cascades were beand kinase activity. Overexpression of PYK2 proportionlieved to be distinct, the mechanisms by which Ca 2ϩ ally increases phosphorylation and activation of MAPK, activated Ras were expected to be novel. Until recently, suggesting that PYK2 may activate Ras. One answer to these mechanisms have remained a mystery. However, how PYK2 might activate Ras comes from analysis of several recent papers provided evidence for no less than a structurally homologous protein, the focal adhesion four Ca 2ϩ -dependent pathways that lead to Ras. These kinase (p125 FAK or FAK). FAK is a tyrosine kinase that pathways may play critical roles linking activity-induced mediates signaling by the integrin family of extracellular changes in cytoplasmic Ca 2ϩ levels and long-term matrix receptors. One model posits that FAK autophochanges in neuronal differentiation, survival, and synapsphorylation and activation results when the cytotic strength. Apparent differences in the subcellular loplasmic domains of activated integrin receptors cluster. calization of certain Ca 2ϩ -dependent paths to Ras sug-FAK autophosphorylation at tyrosine (Y397) enables gest that they may play distinct roles in pre-and FAK to bind avidly the SH2 domain of the tyrosine kinase postsynaptic plasticity mechanisms. The existence of Src. The interaction between FAK and Src may induce multiple pathways could also be important for generata conformational change that activates Src. Src then ing specific Ca 2ϩ responses and for integrating the activphosphorylates FAK on a specific tyrosine (Y925) that ity of Ca 2ϩ -independent signaling pathways.
serves as a binding site for Grb2. Thus, activated FAK The Ras/MAPK Cascade may localize the Grb2-Sos complex to the inner surface Four genes comprise the mammalian ras family: Ki-ras, of the plasma membrane where it can activate Ras. H-ras, N-ras, and R-ras. These genes encode small guaSince FAK and PYK2 are structurally homologous and nine nucleotide-binding proteins that localize to the inthe FAK tyrosine residues Y397 and Y925 are conserved ner face of the plasma membrane and function as moin PYK2, it seems likely that PYK2 also activates Ras lecular switches that transmit receptor signals to by a Src-dependent mechanism. Support for this model downstream mitogen-activated protein kinase (MAPK) comes from a recent study by Halegoua and colleagues cascades (Seger and Krebs, 1995; Herskowitz, 1995 showed that the IQ motif is necessary for Ras-GRF to activate Ras and MAPK. (Figure 1B ). Src may directly or indirectly induce Shc Future work will need to address several important phosphorylation; however, it is unclear whether Shc questions about Ca 2ϩ -dependent pathways to Ras. phosphorylation is required for Src-dependent Ras actiFirst, none of these pathways has been directly demonvation (McGlade et al., 1992 (Farnsworth et al., 1995) . However, receptor (EGFR). Two results suggested that depolarizait remains possible that there are unidentified Shc family tion-induced EGFR phosphorylation might form a pathmembers in neurons that are specifically activated by way to Ras. Time course experiments showed that EGFR Ca 2ϩ influx. Finally, with several lines of evidence that phosphorylation preceded and therefore might have Src may be involved in different pathways, it will be caused Shc and MAPK phosphorylation. Coimmunoimportant to understand more about the involvement of precipitation experiments also showed that depolarizaSrc in Ca 2ϩ signaling. In particular, it will be important tion induced association of the EGFR with Shc and the to determine how Ca 2ϩ activates Src and to test directly Ras activator Grb2-Sos ( Figure 1B) . These data are conits role in various pathways that lead to Ras. sistent with a model in which Ca 2ϩ activates the Ras/ Neurobiology of Ras MAPK cascade by first inducing EGFR phosphorylation
Features of Ras and MAPK expression in the nervous followed by Shc phosphorylation and functional association among the EGFR, Shc, and the Ras-activating system suggest that the Ras/MAPK cascade may play and introduction of Ras into embryonic neurons mimics growth factor treatment (Borasion et al., 1989 (Borasion et al., , 1993 . Sustained Ca 2ϩ influx sustains PC12 survival, possibly via Ras activation (Rusanescu et al., 1995) . Results from manipulations of Ras regulatory proteins also indicate a role for Ras in neuronal survival. Animals that lack specific Ras-GAPs, molecules that turn Ras off, have two interesting neuronal phenotypes. Embryonic and sensory neurons from animals lacking the Ras-GAP neurofibromin are able to survive without neurotrophins (Vogel et al., 1995) . Presumably, uninhibited Ras activity precludes the need for neurotrophins. By contrast, animals that lack another Ras-GAP, p120, show substantial apoptosis in hind brain structures (Henkemeyer et al., 1995) . Apoptosis may occur because overstimulation of the Ras/MAPK pathway causes postmitotic neurons to make an abortive attempt to reenter the cell cycle.
What is the significance of the fact that there are multiple Ca 2ϩ -dependent pathways to Ras? Although it remains to be shown that any of these pathways actually activity of these accessory targets and signaling cascades could be a distinguishing feature of a particular stimulus. Thus, differential activation of the pathways a specific role in synaptic signaling. First, Ras and MAPK that lead to Ras could generate specific cellular reare highly expressed in the embryonic and adult nervous sponses that reflect the activity of the Ras/MAPK pathsystems of species ranging from Drosophila to mamway in conjunction with the activity of these specific mals (Sudol, 1988; Fiore et al., 1993) . MAPK is present accessory targets or signaling cascades. Differential acin dendrites and colocalizes with microtubules. Notably, tivation of the various paths to Ras could be achieved MAPK is also found in neuronal cell bodies but not synif pathway members have distinct subcellular localizaaptic terminals. Since dendrites are the chief site of tions or if they become activated by different cytosynaptic signal integration, the Ras/MAPK cascade may plasmic Ca 2ϩ levels. In fact, there is some evidence that function to transmit synaptic signals to targets in the Src is enriched in presynaptic structures such as growth synapse and nucleus.
cones, the specialized structures at the tip of growing With so many paths to Ras, two questions immedineurites (Maness et al., 1988) . By contrast, evidence ately arise: what is the biological consequence of Ras/ suggests that the downstream Ras effector MAPK is MAPK activation in the nervous system and what is the found largely in postsynaptic structures such as densignificance of the various possible pathways of Ca 2ϩ -drites (Fiore et al., 1993) . These observations raise the dependent Ras activation? Our understanding is incominteresting possibility that the different Ca 2ϩ -dependent plete, but several lines of evidence suggest that Ras may paths to Ras and the Ras/MAPK cascade may play difregulate neuronal differentiation, survival, and plasticity ferent roles pre-and postsynaptically. (Figure 2 ). Introduction of a constitutively active form of Conversely, the existence of multiple Ca 2ϩ -dependent Ras into PC12 cells led to neurite outgrowth (Bar-Sagi paths to Ras creates opportunities to integrate activity and Feramisco, 1985; Guerrero et al., 1986; Noda et al., from other converging signaling paths. Several studies 1985). Overexpression of Ras also led to fiber outgrowth suggest that Ras itself may form an important converin primary cultures of chick neurons from dorsal root gence point for several Ras-activating pathways. Ghosh ganglion, nodose ganglion, and ciliary ganglion (Boraet al. (1994) found evidence that depolarization-induced, sion et al., 1989) . These experiments showed that Ras Ca 2ϩ -dependent survival of cortical neurons could be was sufficient to induce one aspect of differentiation, blocked by anti-BDNF antibodies. Depolarization probaneurite extension. The study by Halegoua and colbly led to survival by increased BDNF secretion, TrkB leagues extends these observations by showing that receptor activation, and presumably greater Ras activCa 2ϩ -mediated differentiation also requires Ras in PC12 ity. Meyerfranke and colleagues found that cultured reticells (Rusanescu et al., 1995) .
nal ganglion cells showed greater growth factor reRas may also play a role in neuronal survival. Ras is sponses (such as survival) when the ganglion cells were depolarized, suggesting that the pathways cooperated necessary for neurotrophin-induced neuronal survival, Guerrero, I., Wong, H., Pellicer, A., and Burstein, D.E. (1986) . J. Cell at some level (Meyerfranke et al., 1995 an initiation phase that results from modifications to Noda, M., Ko, M., Ogura, A., Liu, D., Amano, T., Takano, T. and Ikawa, Y. (1985) . Nature 318, [73] [74] [75] existing proteins and a consolidation phase that depends on new gene expression or protein synthesis.
